In thi s paper, we study a constructive interference based cognitive radio beamforming optimization problem under perfect channel state information at the transmitter and the knowledge of data information. The beamformers are designed to minimi ze the worst secondary user's symbol error probability under constraints on the instantaneous total transmit power, and the power of the instantaneous interference in the primary link. The problem is formulated as a bivariate probabilistic constrained programming problem and can be solved using the barrier method. Our simulations indicate that the proposed technique offers a significantly improved performance over the conventional technique, while guaranteeing the quality of service (QoS) of primary users on an instantaneous basis, in contrast to the average QoS guarantees of conventional beamformers.
INTRODUCTION
Cognitive radio (CR) schemes has provided an effective way to increase the radio resource utilization and spectral efficiency, by allowing the utilization of the licensed spectrum by secondary links [1] [2] [3] [4] [5] . In CR networks, the primary users (PUs) have the highest priority to access the spectrum without being aware of the existence of the unlicensed secondary user (SU) network. However, the PU network is willing to grant spectrum access to the SU network under the premise that the interference created by the secondary base station (SBS) does not exceed a predefined threshold [4] .
As regards the CR transmission, the power minimization and signal to interference plus noise ratio (SINR) balancing problem for SUs with average interference power constraints of the primary users has been discussed in [5, 6] . Conventionally this problem is solved by (sequential) approximation as of second-order cone programs (SOCPs). To achieve more ftexibility than that of the worst-case based design , channel outage univariate probabilistic constrained programming (UPSP) down link beamforming problem has been developed [7, 8] . Nevertheless, the techniques of solving for UPSP problem could not be extended to multivariate probabilistic constrained programming problem as the problem is non-convex in general [9] .
In order to improve the performance, the above mentioned SINR-based CR down link beamforming problems are designed to mitigate the multiuser interference among the SUs. However, the associated drawback is that in SINR-based designs, some degrees of freedom in the beamforming design are used to suppress and eliminate the interference, which results in an overall increase of the 978-1-5090-4117-6/17/$31.00 ©2017 IEEE 3390 transmitted power. This can be overcome by utilizing the knowledge of both channel state information (CSI) and SU's information symbols at the SBS to exploit the resulting interference in the secondary links. In this case beamformers can be designed to enhance the useful signal by steering the received signals, containing both the desired and the interfering signals, into the correct detection region instead of separately amplifying and suppressing the desired and the interfering signals, respectively [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . This approach is also known as a constructive interference precoding.
In line with the above, this paper extends the work on the downlink beamforming optimization problem by exploiting the constructive interference [17 , 18] to the CR scenarios where it was previously inapplicable. Since we do not have symbol information from PBS and by the law of large number, we assume the interference incorporated in the noise term is also a circularly symmetric complex Gaussian with zero mean. We assume that the phase-shift keying (PSK) modulation and the time division duplexing (TOD) protocol are applied, instantaneous CSI is available at the transmitter and instantaneous SU transmit data information are utilized at the SBS, as in [17, 18] . We formulate the beamformer design problem to minimi ze the worst SU 's symbol error probability (WSUSEP) subject to total transmit power and PU instantaneous interference constraints, where WSUSEP is defined as the probability that worst SU wrongly decodes its symbol.
Notation: E r}, P r (-) , 1·1, 11-11 , (-) ' ef , arg(-), mod , Re (-) and Im(-) denote the statistical expectation, the probability function , the absolute value, the Euclidean norm, the complex conjugate, and the transpose, the angle in a complex plane between the positive real axis to the line joining the point to the origin, the modulo operation, the real part, and the imaginary part, respectively. 
Max-Min Fair Problem
The conventional SINR balancing CR down link beamforming problem aims to maximize the minimum SINR subject to average interference and total transmitted power constraints. The problem can be written as [5, 6] where gl is the N x 1 chan ne I vector between the SBS and Ith PU, Po is the total transmitted power budget and EI is the maximum admitted interference power caused by the SBS at the Ith PU, and a 2 is the noise variance for all SUs. In [5] - [6] , it is comrnon to assume the independence of the symbols transmitted to different users, i.e., E{bj bi } = 0 for i cF j. Problem (lb) can be transformed into a quasi-convex optimization problem and can be solved using the bisection method and sequential SOCP. Nevertheless, the above problem does not take instantaneous interference exploitation into account for the transmit data symbols as apart of the optimization problem for each transmission.
WSUSEP-BASED CR DOWNLINK BEAMFORMING FOR INTERFERENCE EXPLOITATION

Constructive interference Exploitation
With the aid of exploiting the instantaneous interference and adapting the beamformers, the constructive interference can alter the received signals further into the correct detection region to improve the system performance. Inspired by this idea, we provide a systematic treatment of constructive interference as illustrated in Fig. l(a) , where the nominal PSK constellation point is represented by the black circle. According to [17] , we say that the received signal Yi exploits the interference constructively if Yi falls within the correct detection region, which is the shaded area shown in Fig. l(a) . Let 'l/;i in Fig. l(a) denote the angle between the received signal Yi and the transmitted symbol bi in the complex plane. Note that the angle 3391 'l/;i depends on the transmitted signal x and the noise n i . Hence the angle 'l/;i can be treated as a function of x and n i , i.e.,
where Im(Yib;) and R e(yib;) are the projections of Yibi onto the real and imaginary axis, respectively. The product Yi bi is displayed in Fig. l(b) a10ng with the corresponding decision region and the angle 'l/;i (X, nil. The received signal Yi of the i-th user is detected correctly, if and only if
where the angular set A~~ ~ {~mod 2rr I 01 ::; ~ ::; 02, ~ E lR } defines the decision region and 0 = rr / M is the maximum angular shift for an M-PSK constellation. Based on above definition and discussion, we formulate in the following section the CR beamformer design to exploit the instantaneous interference.
WSUSEP Approach
In this section, we derive the WSUSEP-based CR downlink beamforming problem. The idea of this approach is to design the beamformers to steer the receive signals of SUs into the corresponding decision regions to reduce the corresponding symbol error. Furthermore, since the distribution of noise is known , we can calculate the symbol error probability (SEP) for each SU and use the WSUSEP as an objective function. The beamformer design minimizes the WSUSEP subject to the instantaneous total transmit power and instantaneous interference power constraints, which can be written as min p S.t. Pr ('I/;i (x, n il E A~7C -e ) ::; p, i = 1, ... , K , (4a)
X , p II x l 1 2 ::; P, IgT x l 2 ::
where p models the WSUSEP, Pr('I/;i (x,ni ) E A~7C -e) is ith SU's SEP, i.e., the probability that the received signal falls outside the correct detection region and 'l/;i (X, n il ' I:. A~e, II x l 1 2 is the instantaneous total transmitted power from the SBS, and IgT x l 2 is the instantaneous interference power for SBS to the Ith PU. By considering the complement ofthe symbol error set, (4a) can be reformulated as
First let us simplify the set A~e, i.e., (3) . By (2) , the classification criteria (3) can be directly reformulated as the following alter-
.y, i -0, for R e(Yib;) = 0, which is equivalent to the single inequality (6) In this paper, we only consider M-PSK modulation schemes with 
where the probability density jitnction and CDF of a standard univariate normal distribution are given by
-00 (11) respectively.
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In this paper, we further restrict the conditions on variables to guarantee the joint concavity of the CDF in (9a) and show that these conditions are generally met in conventional transmission scenarios. (12) with threshold a* (-) denoting the optimal jitnction value of the following constrained optimization problem:
Following from (9a), we have iPC!ii X ) 2: iP([tf~~lX, t!~xr;r) 2: 1-p2: 1-p*, (14) where p* is the optimal value of (9). If we assume that 1 -p* 2: iP(a*(r)) , (15) then, by inequalities (14)- (15), and the strict monotonicity property of the standard univariate normal COF, we ensure that condition (12) is satisfied. Thus, by Theorem 1, the assumption in (15) can guarantee problem (9) to be convex. That is, as of Theorem I , for the optimal value p* of (9) such that 1 -iP(a*(r)) 2: p* for a given correlation r, the optimization problem in (9) is convex. For exampie, when M = 4, the value of p* in (15) corresponds to a SEP of less than 30.64% which does not put any restrictions on our beamformer design as in typical applications much lower SEP values are required. Accordingly, the optimization problem in (9) is convex for all practical SEP constraints. 15 
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Total transmitted power (dBW) 
According to (2), we use the angle 'l/Ji between the received signal Yi and the transmitted symbol bi as an measure of the correct detection, which evaluates the performance of our proposed methods and the conventional method in [5, 6] . The receive signal can be correctly detected if 'l/Ji is within the interval [-8,8] . We introduce the nor- the constraint satisfaction to compare the performance of different methods [7] . The corresponding instantaneous interference power constraint at PU is satisfied if and only if (l ::; 1.
In Fig. 2 , we fix the number of SUs and compare the performance of our proposed approaches and the conventional approach versus the total transmitted power P for K = 8, EI = -2dBW, and QPSK modulation. It can be seen from Fig. 2 that the proposed approaches given in (9) outperform the conventional method in terms of the experimental WUSER performances. Notably, it can be observed in Fig. 2 that our analytic WUSER performance and lower bound of the computationally efficient approximate approach calculations match the experimental WUSER results of both (9) . Furthermore, the computationally efficient approximate approach calculations match closely to the WSUSEP approach. Fig. 3 depicts the histograms of normalized constraint values (l with K = 8, EI = -2dBW, P = 5dBW, and QPSK modulation. As can be observed from Fig. 3 , the conventional technique only satisfies about 50% of the instantaneous interference power 3393 constraints for the second PU. This is due to the fact that the conventional method only considers the average interference power. However, our proposed approaches always satisfy the interference power constraints on an instantaneous basis. This consists of significant improvement over conventional CR beamformers which are prone to instantaneous PU outages.
A. PROOF OF THEOREM 1
To show the concavity, we need to use the first and second derivatives. It is well-known [9] that taking the first derivative with respect to Ul, we have a~~u:r) = <1>(u2 Iu l ),p(Ul ), where the conditional distribution function <1>( u2 lul) is described by <1>( u2 lul) = <1>( u~). Taking By an abuse of notation, we redefine iij = iij I (7 n j and define t j (x) ~ tJ xl (7" ues are negative, we need to show that -( a~22<1> +~) ; : : : \1"&, 
To find the minimum 00 , we can solve the optimization problem in (13) . Hence, for t2i-l ;::: 00*(1') , t2i ;::: 00*(1'), the inequalities in (21) hold. This completes the proof of the theorem. D
